main results and role of chance: Survival was 94 and 64% after vitrification and slow-freezing respectively. Logistic regression analysis showed that overnight cleavage of surviving embryos was higher after vitrification than after slow-freezing (P , 0.001) and decreased according to the degree of cell damage (P , 0.001). If the embryo continued to cleave after thawing, there was no effect of the number of cells lost or the cryopreservation method on its implantation potential. The implantation rates of embryos with 0, 1 or 2 cells damaged were, respectively, 21% (n ¼ 114), 21% (n ¼ 28) and 20% (n ¼ 12) after slow-freezing and 20% (n ¼ 50), 21% (n ¼ 5) and 27% (n ¼ 4) after vitrification.
Introduction
To optimize our cryopreservation program, vitrification was introduced in our centre in 2010 as the standard cryopreservation method for Day 3 embryos instead of slow-freezing. The decision to switch the cryopreservation method was based on the improved survival rate and implantation rate obtained after blastocyst vitrification (Van Landuyt et al., 2011) compared with slow-freezing of blastocysts and on the successful results in a preliminary study on Day 3 vitrification (L. Van Landuyt, unpublished results) .
The developmental potential of cryopreserved cleavage-stage embryos has been investigated by several authors and was initially based on slowfreezing and thawing results. Higher implantation rates have been obtained for fully intact Day 2 embryos than that for damaged ones ( Van den Abbeel et al., 1997; El-Toukhy et al., 2003) . Blastocyst formation rate was higher for intact Day 2 embryos than that for damaged ones (Archer et al., 2003) . Later on, similar implantation rates were reported for intact 4-cell embryos and 4-cell embryos with 1 cell damaged after thawing (Gabrielson et al., 2006; Edgar et al., 2007) . For day 3 embryos, lower implantation rates were observed when at least 25% of cells were damaged (Tang et al., 2006) . However, other studies reported a similar implantation potential for 7-to 8-cell embryos with 0, 1 or 2 cells damaged (Zheng et al., 2008) .
Several studies showed higher survival rates and a higher number of fully intact embryos after vitrification than after slow-freezing (Kuwayama et al., 2005; Raju et al., 2005; Balaban et al., 2008; Valojerdi et al., 2009; Wang et al., 2012) . Balaban et al. (2008) reported that the development to the blastocyst stage was higher after vitrification than after slowfreezing. However, overnight cleavage rate and implantation potential of intact versus damaged embryos of different cell stages after vitrification have not been analysed so far.
In the present study, we investigated the survival, further cleavage and transfer rate of different cell stages on Day 3 of development after cryopreservation using either slow-freezing or vitrification. The impact of cell loss on the implantation potential was analysed in single frozen-embryo transfers (SFETs) for both cryopreservation methods.
Materials and Methods

Study design
In a first retrospective analysis, morphological survival was assessed for 7664 frozen-thawed (slow-freezing) Day 3 embryos of all IVF/ICSI thawing cycles carried out between January 2004 and December 2008. The same analysis was performed for 1827 vitrified-warmed Day 3 embryos of warming cycles between April 2010 and September 2011. Frozen embryo transfer (FET) cycles originating from in vitro maturation cycles were excluded from the study.
Morphological survival was analysed in relation to cell stage before cryopreservation. The overnight development was assessed according to the number of cells damaged and this was done for each of the different cell stages.
In a second analysis, the implantation rate was analysed after SFET in patients ,37 years old for 780 slow-freezing cycles and 294 vitrification cycles. The implantation rate was correlated with the cell stage before cryopreservation and cell loss after thawing/warming. Geneva, Switzerland) or GnRH agonist (Suprefact, Aventis Pharma, Frankfurt, Germany) co-treatment. Final oocyte maturation was induced by injection of 10 000 IU hCG (Pregnyl w ; MSDj, Oss, The Netherlands,), as soon as three follicles of 17 mm were observed on ultrasound scan. Oocyte retrieval was carried out using vaginal ultrasound-guided puncture of ovarian follicles 36 h after hCG administration. IVF and ICSI treatments were carried out as described by Van Landuyt et al. (2005) .
Ovarian stimulation and IVF/ICSI treatment
Embryo selection for cryopreservation and evaluation after thawing/warming Supernumerary day 3 embryos with at least six blastomeres and ≤20% fragmentation were selected for cryopreservation after fresh Day 3 embryo transfer. Embryos were evaluated for morphological survival immediately after thawing/warming. The morphological survival rate was determined by counting the number of intact blastomeres compared with the number of blastomeres at cryopreservation. Embryos with at least 50% of their cells intact were considered sufficiently intact and were cultured overnight in a blastocyst medium. Further cleavage was evaluated the next morning, after 24 h culture. Only embryos with further cleavage of at least one cell were considered for assessment of implantation after single-embryo transfer (SET). In case of SET, only few patients received a non-cleaving embryo and their results were analysed separately.
Preparation of the FET cycle
In our centre, the most common modality for FET is the natural cycle, either with administration of human chorionic gonadotrophin (hCG) for planning the FET or by detecting the spontaneous LH peak. In patients with amenorrhea or oligomenorrhea, an artificial cycle is proposed for endometrial preparation with exogenous estrogen and progesterone, with or without the addition of a GnRH agonist, as described by Kolibianakis et al. (2003) .
Embryos were thawed/warmed 1 day prior to embryo transfer and replaced as a Day 4 embryo in a Day +3 endometrium.
Cryopreservation protocols
Slow-freezing of Day 3 embryos involved a slow controlled freezing and thawing protocol with dimethylsulphoxide (DMSO) as the cryoprotectant as described previously (Van den Abbeel and Van Steirteghem, 2000) . For vitrification of embryos, the closed vitrification procedure was performed using CBS-VIT high-security (HS) straws (Cryo Bio System, L'Aigle, France) in combination with DMSO-ethylene glycol (EG)-sucrose (S) as the cryoprotectants (Irvine Scientific R Freeze Kit, Newtownmountkennedy, County Wicklow, Ireland) (Van Landuyt et al., 2011) .
Outcome measures
Morphological survival after thawing was expressed as the percentage of thawed embryos that remained fully intact or retained at least 50% of their cells intact. Further cleavage was defined as the formation of at least one extra cell during the overnight incubation and was expressed as the percentage of surviving embryos that exhibited overnight cleavage. A clinical pregnancy was defined as an intrauterine gestational sac observed at transvaginal ultrasound scan at least 5 weeks after embryo transfer (Zegers-Hochschild et al., 2009 ). Table I presents the number of cells damaged for the different embryo stages for 7664 slowly frozen and 1827 vitrified-warmed day 3 embryos. The overall survival rate after vitrification was 94.3% and the percentage of fully intact embryos was 77.5%. These rates were significantly higher (P , 0.001) than that for frozen-thawed embryos (64.4 and 39.2%). The percentage of embryos with ≥50% intact cells after slow-freezing was lower for embryos that had .8 blastomeres on day 3 (60.7%) than that for 6, 7 or 8-cell embryos (64.6%, 64.3% and 65.9% respectively) (P , 0.01). After vitrification, there was no difference in the total survival rate for the different cell stages.
Statistical analysis
Results
Analysis of immediate morphological survival
Analysis of further cleavage and transfer rates
The overnight cleavage rate of all embryos with at least 50% cells intact is higher after vitrification (88.8% and 1530/1723) than that after slowfreezing (80.6%, 3978 of 4935 and P , 0.001). Figure 1 presents the overnight cleavage of surviving embryos according to the number of cells lost after both slow-freezing and vitrification. Logistic regression analysis showed a significant and independent effect of the number of cells damaged and the cryopreservation method (both P , 0.001, Fig. 1 ).
The overnight cleavage rate of the surviving embryos after both slowfreezing and vitrification was further stratified according to the cell stage at cryopreservation and the number of cells damaged after thawing/ warming (Table II) . In the case of slow-freezing, logistic regression analysis showed a highly significant independent effect of the number of cells damaged (P , 0.001) and a significant independent effect of the cell stage at freezing (P ¼ 0.046) on overnight cleavage was demonstrated. After vitrification, however, embryos with at least eight cells seemed to have higher cleavage rates than 6-and 7-cell embryos (P , 0.001), but no independent effect of the cell stage at vitrification on further cleavage was found (P ¼ 0.367). This finding might presumably be related to the lower numbers of embryos included in each group.
The overall transfer rate per embryo thawed was 49.1% after slowfreezing compared with 86.3% for vitrified embryos (P , 0.0001, Table III ). For both methods, embryos with at least eight cells before cryopreservation had a higher transfer rate after thawing/warming than embryos with six or seven cells (Table III) .
Analysis of implantation rates in single FETs
In total, two subgroups of 780 and 294 SET cycles of frozen-thawed and vitrified Day 3 embryos, respectively, were analysed. The following analyses include only the transfer of surviving embryos (at least 50% of cells intact) with overnight cleavage. Only a minority of SET was performed with a non-cleaving embryo and the outcome of those embryo transfers was described separately.
The overall implantation rate was similar after slow-freezing (20.5% and 160/780) and vitrification (20.7%, 61/294). Live birth rate after slow-freezing was 16.1% (125 of 777, 3 pregnancies with unknown outcome) and was similar to the live birth rate after vitrification (13.0%, 37 of 285, 9 pregnancies with unknown outcome). Figure 2 presents the implantation rates in relation to the cell stage before cryopreservation for both methods. After logistic regression analysis, no independent effect was found neither for the cell stage at cryopreservation (6, 7, 8 or .8 cells) on the implantation rate, nor for the method of cryopreservation. Cell loss after vitrification or slow freezing Figure 3 presents the implantation rate in relation to the number of cells damaged after thawing/warming for both methods. The results were analysed irrespective of their developmental stage at cryopreservation or at the moment of embryo transfer. Similar implantation rates were obtained for intact embryos versus damaged embryos. However, only a limited number of transfers were performed for embryos with two or three cells lost. Furthermore, no independent effect was observed for the method of cryopreservation.
Although embryos that cleaved further were preferably selected for embryo transfer, in a few patients embryos without resumption of mitosis were transferred in SFET (not included in Figs 2 and 3) . After slow-freezing, 12 embryos that did not cleave further were transferred but no pregnancies were obtained. After vitrification, 23 transfers were performed with non-cleaving embryos resulting in two positive hCGs. However, one pregnancy was biochemical and the second one resulted in a miscarriage. Thus, none of the post-thaw arrested embryos resulted in an ongoing pregnancy.
Discussion
The present study aimed to analyse the post-thaw survival and the overnight cleavage rate of Day 3 embryos in relation to their cell stage before cryopreservation and cell loss post-thawing/warming for both slowfreezing and vitrification. Survived vitrified embryos developed better overnight than slowly frozen embryos, irrespective of the number of cells damaged and the cell stage at cryopreservation. Implantation rates were assessed in SFET to determine the impact of cell stage at cryopreservation and cell loss after thawing/warming on the viability of the embryo. In 2010, our centre switched from slow-freezing to vitrification of Day 3 embryos, and thus data on both cryopreservation methods were available and were compared retrospectively. The decision to switch was based on the successful results obtained with blastocyst vitrification (Van Landuyt et al., 2011) and with Day 3 vitrification in a preliminary study (L. Van Landuyt, unpublished results). Because of the retrospective design of the study and the different study periods for slowfreezing and vitrification, we agree that some bias may have influenced the results of this study. However, only because of this retrospective nature, it was possible to include a large number of embryos providing valuable information on survival in relation to cell stage and further cleavage in relation to cell loss. Moreover, embryo selection criteria for cryopreservation and the embryologist staff evaluating the embryos did not change over time. Cryopreservation protocols did not change for slow-freezing or vitrification, nor did or culture system or gas environment. We always used sequential media for embryo culture although from different companies. It is true that using different sequential media can result in different cleavage patterns or developmental speed of embryos in the fresh cycle, but we never experienced an effect on post-thaw survival. Only the presence or absence of post-thaw further cleavage and not the pattern or speed of development was taken into consideration for this analysis.
In the study of Balaban et al. (2008) , a cohort of 466 Day 3 embryos donated for research (at least five cells and ,20% fragmentation) was randomized to undergo either vitrification or slow-freezing. After postthaw culture to Day 6, significantly more blastocysts were obtained in the vitrified group (60.3 versus 49.5%). However, no information was given on the cell stage at cryopreservation and post-thaw cell damage in both groups. The present data confirmed that damaged Day 3 embryos have a lower overnight developmental potential than intact embryos, both after vitrification and slow-freezing. Furthermore, overnight cleavage significantly decreases with increasing number of cells lost. In the slowfreezing group, the impact of cell damage on overnight cleavage was more detrimental in 6-and 7-cell embryos than in embryos with at least eight cells. This finding was not observed after vitrification, probably due to the lower number of damaged embryos. Regardless of the cryopreservation method, our data confirmed our expectations that the impact of the number of cells lost is more detrimental in 6 and 7-cell embryos than in embryos with ≥8 cells, as they lose a higher percentage of cell volume compared with an 8-cell embryo. However, even when the data were analysed with respect to the percentage of cell damage (and not according to the number of cells lost), higher cleavage rates were found for 8-cell embryos (data not included). This was also reflected in the significantly higher transfer rates per thawed/warmed embryo obtained with embryos with at least eight cells. This implies a better intrinsic quality of normal developing embryos. In this view, the decision to warm an extra embryo before overnight culture at our centre now depends on the cell stage at cryopreservation and the post-warming cell damage. For 8-cell embryos, up to two cells can be damaged compared with only one cell for 6-to 7-cell embryos, to be considered sufficient for overnight culture without warming an additional embryo.
This study also showed that once a survived embryo shows resumption of mitosis after thawing, there was neither an impact of the cell stage at cryopreservation, nor of the cell damage on its implantation capacity. Edgar et al. (2007) also observed for Day 2 slowly frozen 4-cell embryos that resumption of mitosis of at least two blastomeres, independent of blastomere survival, was indicative for significantly higher implantation rates. Guérif et al. (2002) concluded that the most predictive factor for the implantation potential of a Day 2 thawed embryo is the final number of blastomeres present at transfer, irrespective whether these cells resulted from blastomere survival or from resumption of mitosis.
The question whether the higher cleavage rate of vitrified embryos also results in better implantation rates and whether a vitrified embryo per se is a more viable embryo than a slowly frozen embryo can only be answered by performing a randomized controlled trial. The systematic review and meta-analysis of Loutradi et al. (2008) and Kolibianakis et al. (2009) Cell loss after vitrification or slow freezing of vitrification to slow-freezing regarding clinical outcomes. However, only one randomized trial was included for cleavage stage embryos. Taking into account the large difference in post-thawing/warming survival between slow-freezing and vitrification, it would now be unethical to start a randomized controlled trial. Since vitrified Day 3 embryos survive significantly better, more frozen embryo cycles originating from one oocyte collection cycle can be offered to the patient. Thus, it can be hypothesized that the clinical advantage of vitrification will be reflected in elevated cumulative pregnancy rates. Expressed per embryo transferred, our retrospective data did not reveal superior implantation rates of vitrified embryos upon slowly frozen ones, taking into account that only survived embryos with overnight cleavage were transferred. Recent retrospective data of Wang et al. (2012) showed higher implantation rates after vitrification using Cryoleaf compared with slow-freezing (19.8 versus 14.4% and P ¼ 0.01). However, warming and transfer of embryos were planned on the same day, and thus results were analysed irrespective of overnight cleavage. Therefore, comparing those implantation rates with the results of the present study might not be justified.
In the randomized study of Wilding et al. (2010) , implantation rates were not significantly different between vitrification and slow-freezing (14.3 versus 13.5%), even though all embryos that contained at least one surviving blastomere were transferred and more intact embryos were transferred in the vitrified embryo group.
Conclusion
Vitrified embryos showed a higher post-warming overnight cleavage rate than slowly-frozen embryos. If a survived (≥50% cells intact) Day 3 vitrified or slowly frozen embryo cleaved further after thawing, the number of cells lost has no impact on its implantation potential. However, damaged embryos have a lower overnight cleavage rate than fully intact embryos in both methods. Therefore, obtaining fully intact embryos is a prerequisite for an optimal cryopreservation programme, which is more likely to occur after vitrification.
